Introduction {#sec1}
============

Nanoparticles (NPs) of controlled size, shape, and composition are important building blocks within the nanoscience and engineering communities ([@bib26]). Organizing NPs into highly ordered arrays, or the so-called "metamaterials," which exhibit collective electronic, magnetic, and optical behaviors, enables their great potential for nanoelectronic and nanophotonic applications ([@bib5], [@bib64], [@bib41], [@bib7], [@bib99], [@bib77], [@bib25], [@bib83]). There are numerous recent examples of organizing uniformly sized NPs into ordered arrays or superstructures in processes such as solvent evaporation, solution growth, Langmuir-Blodgett receptor-ligand interactions, and layer-by-layer assembly ([@bib7], [@bib40], [@bib52], [@bib43], [@bib83], [@bib104], [@bib35]). NPs are stabilized through surface functionalization with organic ligands or active surfaces. These ligands protect the NPs from aggregation on the one hand and render the driving forces for self-assembly and formation of NP superstructures on the other hand. To date, most previous works focus on the NPs functionalized with alkane chains as the ligand ([@bib41]). The nature of alkane chains causes the resultant NPs to be hydrophobic and to dissolve only in organic solvents (e.g., toluene). As such, methods such as solvent evaporation, solution growth, and Langmuir-Blodgett have been explored to form highly ordered well-defined NP nanostructures through balanced interparticle interactions, such as hydrophobic-hydrophobic interactions, repulsion, and dipolar interactions. Methods such as solvent evaporation and solution growth lead to 3D superlattice or supercrystals, whereas uniform 2D monolayer of NP arrays can be formed by using the Langmuir-Blodgett approach. Besides these alkane-chain-functionalized hydrophobic NPs, other NP active surfaces such as DNA biofunctionalization have been explored ([@bib84], [@bib35]). One can use DNA as molecular scaffolds to control NP self-assembly to form hierarchical NP nanostructures that resemble DNA scaffolds ([@bib51], [@bib35]). Overall, these self-assembled NP nanostructures provide well-defined systems for studies of NP coupling and interactions for optoelectronic applications. In recent reviews, these progresses have been very well documented ([@bib27], [@bib54], [@bib91], [@bib85]).

In this review, we summarize the recent advances on the surfactant-assisted cooperative self-assembly of NPs using amphiphilic surfactants and NPs to synthesize new classes of highly ordered active nanostructures. We start with a brief overview of the concept of the surfactant-assisted cooperative self-assembly. Then detailed discussions will be made on how the approach works with nanoscale materials of different dimensions, such as spherical NPs, 1D nanorods, and 2D nanosheets in active nanostructures. We highlight some promising applications of these self-assembled nanostructures in the areas of nanoelectronics, photocatalysis, and biomedicine. Finally, we conclude with the current research progress and our perspectives on the challenges and some future directions.

Surfactant-Assisted Cooperative Self-Assembly {#sec1.1}
---------------------------------------------

Surfactant-assisted cooperative self-assembly achieves well-defined active nanomaterial structures and properties by confining the NP self-assembly or growth within nanocompartments---such as micelles, emulsions, and mesophases---formed by amphiphilic surfactants in aqueous solutions ([Figure 1](#fig1){ref-type="fig"}) ([@bib21]). Surfactants are amphiphilic molecules that have hydrophilic groups (heads) and hydrophobic groups (tails). In aqueous solutions, they form aggregates, such as micelles, which are tiny (5--50 nm) structures with a hydrophilic exterior and a hydrophobic interior. In simple terms, the hydrophilic heads link up in an aqueous solution to create a spherical shell that encapsulates the hydrophobic tails away from the solution. Hydrophobic NPs or precursors can be encapsulated within the hydrophobic micellar interiors, as typically happens with hydrophobic NPs or oil-like species. As noted above, other surfactant aggregates such as mesophases can also form depending on the concentration and types of surfactants. Growth from NPs to seed structures and then to final highly ordered superstructures through cooperative interactions between NPs is confined within the micelles (or other surfactant aggregates), giving rise to uniform and complex 1D--3D NP active nanostructures.Figure 1Schematic Illustration for the Surfactant-Assisted Cooperative Self-Assembly

Key factors that control the self-assembly processes are summarized in [Table 1](#tbl1){ref-type="table"}. First, the building blocks need to be hydrophobic for encapsulation inside the micelles. Second, heating is required to remove the oil phase or organic solvents from the emulsions to initiate the self-assembly process. The temperature should be higher than the boiling point of the oil or solvents and lower than that of water. Higher temperatures (more than 70°C) are usually used to prepare ordered superparticles, because the thermal energy facilitated adjustment of the spatial position of the NPs and counteracted the loss of the configurational entropy. Otherwise, when the temperature was decreased to 40°C, random superparticles were obtained because the thermal energy was not sufficient to overcome the loss of configurational entropy. Third, the self-assembly process critically relies on the surfactant concentrations. The surfactant concentrations should be equal to the critical micelle concentration or higher to induce the formation of NP-micelles. Depending on the surfactant concentration, surfactant mesophases can be formed for complex NP superstructures. Finally, as the final nanostructures relied on the interdigitation between the organic ligands and surfactant hydrophobic tail groups, alkane chains of surfactants and organic ligands with a minimum of 8--10 carbons are desirable to stabilize NP-micelles and other NP superstructures.Table 1Key Factors That Control the Self-Assembly ProcessTemperatureHigher than the boiling point of organic solvents, lower than that of waterSurfactant concentration1) Higher than CMC for NP-micelles2) High concentration favorable for mesophase for superstructure formationSurfactant sizeAlkane chains larger than 8 carbon

Formation of NP-Micelles {#sec1.2}
------------------------

NPs have demonstrated important biomedical applications such as bioimaging and biosensing ([@bib63], [@bib45]). These applications require them to be water soluble and biocompatible in biological environments. Most of the organically passivated NPs have hydrophobic surface chemistry making them unsuitable for direct bioapplications, whereas surfactant-assisted self-assembly can effectively functionalize NPs to form NP-micelles that are water soluble and biocompatible. By surfactant-assisted self-assembly, organically passivated hydrophobic NPs could be transferred to aqueous phase forming NP-micelles ([@bib17], [@bib21], [@bib20]). The NP-micelles are composed of NPs at the core and a hybrid bilayer shell that is formed by interdigitated alkane chains from the organic ligands (the primary layer) on NP surface and the surfactants (the secondary layer) ([Figure 1](#fig1){ref-type="fig"}). The interdigitation of the alkane chains is thermodynamically favorable to lock in the bilayer structure, which renders the NP-micelle stable in aqueous solutions. The thicknesses of the bilayer could be precisely defined by primary and secondary layers ([@bib20]). Depending on the length of the alkane chains, surfactants and organic ligands with a minimum of 8--10 carbons are desirable to stabilize the NP-micelles ([@bib21]). The surfactant-assisted cooperative assembly method can be extended effectively to prepare water soluble and biocompatible semiconductor and magnetic NP-micelles for *in vitro* and *in vivo* imaging and drug delivery ([@bib50], [@bib48], [@bib39], [@bib38]).

Semiconductor NPs or quantum dots (QDs) are fluorescent nanocrystals (NCs) that provide distinct advantages over conventional organic dyes or fluorescent proteins. The advantages include the large absorption coefficient, bright Photoluminescence (PL) emission (∼10--100 times brighter than that of single organic dye), a narrow and symmetric emission profile, and high photochemical stability ([@bib59]). The high photostability and notable brightness of QDs can allow long-term acquisition of PL emissions with a good signal-to-noise ratio ([@bib36]). These unique properties provide a unique opportunity for cellular labeling and *in vivo* imaging ([@bib58]). As QDs are normally stabilized by organic alkane ligands and are therefore hydrophobic, they often need surface modifications to obtain biocompatibility. Encapsulation of QDs in micelles of lipids or surfactants to form QD-micelles through surfactant-assisted cooperative assembly can effectively preserve the optical properties of as-synthesized QDs while providing biocompatibility ([@bib20]).

For preparing biocompatible QD-micelles, monodisperse CdSe and CdSe/CdS core/shell QDs were used as the fluorescent core of the QD-micelles ([@bib20], [@bib14]). A concentrated suspension of QDs in chloroform was added to an aqueous solution containing a mixture of surfactants or phospholipids with different functional head groups, such as ethylene glycol (--PEG, \[polyethylene glycol\]) and amine (--NH~2~). The --PEG group was used to improve biocompatibility, and the -NH~2~ amine group provided sites for further bioconjugation. Because the surfactant-assisted self-assembly does not chemically change the nature of the QDs, the QD-micelles essentially preserve their optical property from the original hydrophobic QDs. For example, the acquired QD-micelle solutions exhibited the same visible and emission colors as their hydrophobic counterparts, as shown in the optical micrograph ([Figure 2](#fig2){ref-type="fig"}A). Optical spectra, including ultraviolet-visible (UV-vis) spectroscopy ([Figure 2](#fig2){ref-type="fig"}B) and PL ([Figure 2](#fig2){ref-type="fig"}D), further confirm the preservation of the optical property of the original QDs after formation of QD-micelles. Besides the optical property, the QD-micelles also maintain the structural monodispersity of the original QDs. Transmission electron microscopic images show the formation of ordered hexagonal close packing of QD-micelles ([Figure 2](#fig2){ref-type="fig"}C), as expected for individual monosized QDs. Studies of photostability of the water-soluble QD-micelles under long-time laser irradiation showed that these NC-micelles exhibited no loss of PL intensity in water. Because of the interdigitated phospholipid bilayer interface at the QD-micelle surface, the QD-micelles exhibit very good biocompatibility, which was evaluated by examination of their uptake in cultured rat hippocampal neurons and other bioenvironments ([@bib20], [@bib47], [@bib14]). The retained fluorescence character after a fairly long incubation suggested the effective biocompatibility of the QD-micelles ([@bib36]).Figure 2Biocompatibility of QD-Micelles(A) An optical micrograph of CdSe QDs in chloroform and CdSe-micelles in water prepared using cetyl trimethylammonium bromide.(B) UV-vis spectra of (1) CdSe/CdS in hexane, (2) CdSe/CdS QD-micelles prepared using 1,2-dioctanoyl-sn-glycero-3-phosphocholine (C8-lipid) and hexadecylamine, and (3) 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-amino (polyethylene glycol) and dipalmitoyl phosphatidylcholine.(C) Transmission electron microscopic image of CdSe/CdS QD-micelles.(D) PL of CdSe/CdS in toluene (solid line) and C8-lipid-encapsulated CdSe/CdS QD-micelles in water (dashed line).Reprinted with permission from Fan et al. ([@bib20]). Copyright 2005 American Chemical Society.

Besides semiconductor QDs, magnetic NPs have also been functionalized for bioapplications based on surfactant-assisted self-assembly. For example, Kim and co-workers use this approach to prepare discrete, monodisperse, and size-controllable core-shell mesoporous silica NPs by using Fe~3~O~4~ nanocrystals as the core for simultaneous magnetic resonance (MR) and fluorescence imaging, and for drug delivery ([@bib39], [@bib38]). In their procedure, cetyl trimethylammonium bromide (CTAB) serves both as the stabilizing surfactant for transferring hydrophobic Fe~3~O~4~ NPs to aqueous phase and as the organic template for the formation of mesopores in the sol-gel reaction. The surface of the NPs was modified with PEG to render them biocompatible by preventing the nonspecific adsorption of proteins to the NPs. The acquired Fe~3~O~4~\@mSiO~2~ particles are monodisperse and with diameters ranging from 45--105 nm. Worm-like mesopores with diameters of around 2--3 nm were observed in the silica shells and provide the potential ability for drug delivery. The products maintained the superparamagnetic property characterized by field-dependent magnetization at room temperature, which is a desirable characteristic for MR contrast agents ([@bib44]). The NPs can be spontaneously internalized into MCF-7 cells by endocytosis, and their uptake was clearly observed within 30 min. The core-shell nanostructures were also maintained after endocytosis. NPs with different compositions and shapes such as MnO and silver NPs have been demonstrated for preparing biocompatible NP-micelles for applications as MR imaging contrast agent or antimicrobial agents, respectively ([@bib61], [@bib49]). In addition, FeMnO~4~ and FePt NP-micelles have been prepared by using surfactant-assisted self-assembly ([@bib19]).

In addition to bioapplications, NP-micelles have been demonstrated to be a functional building block for further self-assembly into robust, highly ordered NP arrays for nanoelectronic or nanophotonic devices ([@bib18]). Because of the interdigitated surfactant bilayer structure, the NP-micelle surface affords flexible surface chemistry and active function depending on the use of different surfactants. Using the NP-micelles as a building block, formation of 2D ordered NP arrays and 3D NP superlattices by the evaporation-induced self-assembly process have been demonstrated. For example, drying of a gold NP-micelle solution on solid substrates can result in hexagonal close-packed 2D superlattices. If a concentrated NP-micelle aqueous solution is used for directly drying, 3D superlattices with face-centered cubic (fcc) symmetry can be formed. The robustness of this approach allows tuning of interparticle spacing through the use of various space molecules ([@bib19]).

Through a hydrothermal sol-gel self-assembly process, the NP-micelles self-assembled with silica into hierarchically ordered composite mesophase crystals ([@bib95]). The process involved two steps: (1) preparation of an NP-micelle solution through surfactant-assisted cooperative self-assembly process and (2) hydrothermal nucleation and growth of mesophase crystals using NP-micelles. Through the hydrothermal self-assembly process, well-shaped and oriented NP/silsesquioxane crystals were formed on substrates over several hours. These crystals were fairly uniform in shape and size with flower-like hierarchical structure and the NP-micelles self-assembled as an fcc mesophase inside these crystals.

Through the sol-gel process, the NP-micelles have been used to form thin films of ordered gold NP silica arrays ([@bib21]). By suppressing siloxane condensation and thereby gel formation, solvent evaporation induced self-assembly of gold NP-micelles with silica into a thin film. The final film consists of monodisperse gold NPs arranged within silica or organosilsesquioxane host matrices in an fcc mesostructure with precisely controlled interparticle spacing. The gold NP/silica composite films are transparent when less than 300 nm thick and have an average refractive index of ∼1.7. The film thickness can be controlled from 100 nm to several micrometers.

Overall, the surfactant-assisted cooperative self-assembly method provides several advantageous features to synthesize solid NP arrays for practical applications. First, self-assembly of NP-micelles allows for the preparation of ordered NP arrays in aqueous phase, resulting in enhanced safety and better compatibility with current semiconductor fabrication and integration processes. Second, this method allows simple tuning of framework composition, and thus dielectrics, between NPs. This is essential to achieve enhanced transport properties of such three-dimensional superlattice films. Finally, the formation of self-assembled NP solids in inorganic matrix through cooperative self-assembly of NP-micelles and inorganic precursors (e.g., silica) essentially improves NP thermal stability for enhanced practical applications.

Another route that utilizes surfactant-assisted self-assembly for the synthesis of 3D self-assembled nanostructure was reported by Cao group ([Figure 3](#fig3){ref-type="fig"}) ([@bib110], [@bib111]). They used oleic-acid-functionalized Fe~3~O~4~ nanocrystals as core and dodecyl trimethylammonium bromide (DTAB) as the surfactant to make NP-micelles. When injecting the NP-micelle solution into a polyvinylpyrrolidone (PVP) ethylene glycol solution, DTAB molecules were detached into the ethylene glycol solution due to a decrease of van der Waals interactions between nanocrystal ligands and surfactants (DTAB), causing the NP-micelles to decompose. As a result, solvophobic interactions between nanocrystal surface ligands and ethylene glycol/water solvent molecules were induced, leading to nanocrystal aggregation and the formation of superparticles. The superparticle formation is a very rapid process that takes only 1 min, implying that it is a kinetically controlled process.Figure 3Surfactant-Assisted Self-Assembly and Formation of 3D Superparticles(A) Schematic representation of the proposed formation mechanism of 3D self-assembly superparticles.(B) Transmission electron microscopic (TEM) image of oleic-acid-functionalized Fe~3~O~4~ nanocrystals.(C) DTAB-Fe~3~O~4~ nanocrystal micelles.(D) superparticles made without PVP. (E) superparticles capped with PVP. (F) An enlarged image of the inset in (E). (G) superparticles after annealing at 80°C for 6 h.Scale bars, 50 nm in (B and C) and 100 nm in (D--G). Reproduced with permission from Wang et al. ([@bib91]). Copyright 2013 of the Royal Society of Chemistry.

The formation of NP-micelles represents a new synthetic methodology for functionalizing NPs, enabling flexible NP surface chemistry and function. The method is easy, rapid, and universal for preparing water-soluble, biocompatible and size-controllable nanomaterials for bioimaging and drug delivery applications.

Emulsion-Confined Formation of 3D Superparticles {#sec1.3}
------------------------------------------------

Colloidal NP superparticles are an important class of materials that are self-assembled from size- and shape-controlled NPs. The typical sizes of the superparticles are in the mesoscopic regime, ranging from tens of nanometers to a few micrometers. The superparticles exhibit not only intrinsic physical characteristics of their nanometer-sized particles but also collective properties of the self-assembled NPs due to coupling effects ([@bib91]). The properties of superparticles can be tuned by the size, shape, and composition of the initial NPs. These promises have stimulated extensive research efforts to study superparticle formation. Previous works were mainly focused on noncovalent interactions between hydrophobic NPs ([@bib7]). Surfactant-assisted cooperative self-assembly relies on the formation of emulsions by increasing NP concentration ([@bib2]). During the formation of NP-micelles, there are enough surfactants to encapsulate individual NPs to form interdigitated bilayers around individual NPs. If the NP concentration is increased in the self-assembly solutions, there is not a large enough amount of surfactants to form interdigitated bilayers around individual NPs. Instead, microemulsions are formed with NPs in oil (or organic solvent) phase. Surfactants at the interface between the oil and aqueous phases of the microemulsions shield the NPs from the aqueous phase to form stable NP/solvent/water microemulsions. Thus NPs are confined within the microemulsion droplets. Subsequent self-assembly is initiated by evaporation of organic solvents through heating or vacuum. Evaporation of organic solvents progressively enriches the concentration of the NPs in microemulsion droplets, which induces the noncovalent interactions and self-assembly to produce superparticles ([Figure 4](#fig4){ref-type="fig"}). In this process, self-assembly is based on a subtle balance of entropy arguments and van der Waals attractions between NPs and the alkane chains of the ligands located on the NPs. The alkane chains of the surfactants from the aqueous phase spontaneously interdigitate with the alkane chains of the primary ligands located on the outside surface of the NP assemblies through hydrophobic-hydrophobic and van der Waals interactions. The resultant colloidal NP superparticles can be well dispersed in aqueous solution and can be collected and purified by centrifugation or filtration.Figure 4Emulsion-Confined Formation of 3D SuperparticlesBai et al. demonstrated formation of BaCrO~4~ superparticles by using anionic surfactant sodium dodecyl sulfate (SDS) to create an oil-in-water microemulsion by ultrasonic treatment ([@bib2]). Typical sizes of the assembled BaCrO~4~ superparticles are in the range of 100--120 nm. One important feature is that the constituent NPs retain their individual physical characteristics and do not sinter into larger particles. This is likely due to the fact that the self-assembly process relies on noncovalent interactions without chemical changes of the NPs. The surfactant bilayer surface has proved to be critical in stabilizing the superparticle. The zeta potential was measured to be a negative surface charge with potential of −27.6 mV, which is consistent with the use of SDS. In another example, when positive-charge surfactant CTAB is used to prepare Ag~2~Se superparticles, zeta potential characterizations indicate that these colloidal sphere assemblies have a positive charge with potential of +38.0 mV.

The above results show that this approach is a simple and facile synthetic method for preparing colloidal superparticles from NP building blocks. This method has been successfully demonstrated in a wide range of NPs, including BaCrO~4~, Ag~2~Se, CdS, PbS, Fe~3~O~4~, ZrO~2~, NaYF~4~, TiO~2~, CoFe~2~O~4~, CeO~2~, Bi~2~S~3~ nanoplates, PbSeO~3~ nanorods, and LaF~3~ nanoplates ([@bib86], [@bib53], [@bib2], [@bib13], [@bib33]), as shown in [Figure 5](#fig5){ref-type="fig"}. The diameters of these superparticle spheres range from 50 to 200 nm, depending on the size of the microemulsion droplets formed for a given set of the designed experimental conditions. The diameter of the colloidal spheres can be controlled by adjusting the emulsification processes, NP concentrations in the oil phase, surfactant concentrations in the water phase, and oil-to-water ratio. A stronger emulsification process gives smaller emulsion droplets, and thus produces smaller superparticles ([@bib2]). For example, CdS superparticles with a diameter larger than 500 nm were obtained by stirring (greater than 1,500 rpm), and superparticle spheres with a diameter less than 300 nm were obtained by strong sonication emulsification. In addition, higher NP concentrations in the oil phase result in a larger sphere diameter due to the increased NP numbers in the emulsion. Accordingly, decreasing the surfactant concentrations in the water phase or increasing the oil-to-water ratio results in larger emulsion droplets and thus increases the diameter of the products. It is interesting to note that extra amounts of surfactants in both the oil and water phases play an important role in stabilizing microemulsion droplets. In some cases when extra surfactants are used, hollow assembly structures can be obtained instead of solid superparticle spheres. For example, Park et al. prepared vesicle-like 2D assembled iron oxide nanostructures by adding extra sodium oleate ([@bib68]).Figure 5Colloidal Superparticles Self-Assembled from Different NPs(A--E) (A) BaCrO~4~, (B) Ag~2~Se, (C) PbS, (D) ZrO~2~, (E) NaYF~4~. Reproduced with permission from Bai et al. ([@bib2]). Copyright 2007 John Wiley & Sons, Inc.(F) TiO~2~. Reproduced with permission from [@bib53]. Copyright 2010 John Wiley & Sons, Inc.(G) CoFe~2~O~4~. Reproduced with permission from Nijs et al. ([@bib13]). Copyright 2015 Macmillan Publishers Ltd.(H) Fe~3~O~4~ nanocubes. Reproduced with permission from Wang et al. ([@bib86]). Copyright 2018 Macmillan Publishers Ltd.

Temperature has been identified to be an important factor influencing the surfactant-assisted self-assembly because heating is needed to evaporate the organic solvents to induce NP self-assembly. Too high temperature could cause NP sinter and could chemically change the chemical and physical structures and properties of the NPs. In general, temperatures lower than 100°C are enough to remove most organic solvents, such as chloroform and toluene, without sintering the NPs. Depending on the boiling points of the solvents, solvents such as chloroform can be readily removed at room temperature. It is also noted that if the evaporation times are much longer than the self-assembly equilibration time of the colloidal systems, disordered assemblies (icosahedral colloidal clusters) can be formed ([@bib13]).

Luo et al. reported 3D highly compacted superparticles that were fabricated through a thermally controlled emulsion-based self-assembly method ([Figure 6](#fig6){ref-type="fig"}) ([@bib55]). They used CdSe QDs, DTAB, and chloroform to initiate the formation of oil-in-water emulsions. When evaporating at 70°C, ordered CdSe superparticles were formed. In this situation, the thermal energy facilitated adjustment of the spatial position of the NPs and counteracted the loss of the configurational entropy, which resulted in the formation of highly ordered superparticles. However, when the temperature was decreased to 40°C, random superparticles were obtained because the thermal energy was not sufficient to overcome the loss of configurational entropy. In addition, only monodispersed QD-DTAB micelles were obtained without an additional heat source (stay at 20°C). Because of the ordered structure, the NPs within the superparticles are highly compacted, which promotes coupling and electronic energy transfer between CdSe QDs. Therefore, the acquired QD superparticles exhibited different optical properties and enhanced photoelectric activity compared with the original QDs.Figure 6Temperature-Controlled Surfactant-Assisted Emulsion Self-Assembly(A) Schematic representations of the thermally controlled, emulsion-based bottom-up self-assembly process.(B--D) Low-magnification transmission electron microscopic (TEM) images of (B) an ordered superparticle exhibiting superlattice fringes of d(200) = 4.3 nm and d(111) = 4.9 nm, (C) a random superparticle, and (D) ordered arrays.(E--G) High-magnification TEM images showing the distance between two neighboring QDs in (E) ordered superparticles, (F) random superparticles, and (G) ordered arrays (scale bar, 1 nm).Reprinted with permission from Luo et al. ([@bib55]). Copyright 2017 John Wiley & Sons, Inc.

In another work, Park et al. reported the formation of self-assembled low-dimensional superparticles with hollow vesicle-like structures under low evaporation temperature ([Figure 7](#fig7){ref-type="fig"}) ([@bib68]). In the assembly, the emulsion was initiated with a chloroform solution of iron oxide NPs in an aqueous solution of CTAB under stirring. By evaporating chloroform from the emulsion overnight at 40°C, hollow vesicle-like NP structures were formed instead of solid superparticles. They found that oil-in-water pickering emulsion droplets were initially formed upon mixing the two phases, allowing the oil-water interfaces to be stabilized by both surfactants and NPs. As chloroform diffused out and was evaporated and water diffused in over time, the polarity of the core solvent increased and more NPs accumulated at the interface. Finally, NPs were trapped into a curved 2D membrane structure encasing water. When evaporating chloroform at a high temperature, the thermodynamically stable structure of compact spherical assemblies was formed. It is interesting to note that the relatively high solubility of chloroform in water (25°C, 0.82% w/w) also promotes the formation of hollow assemblies, as it allows for the exchange of the two solvents while keeping the hollow structure intact.Figure 7Surfactant-Assisted Self-Assembly and Formation of Solid and Hollow Superparticles(A) Schematic description of iron oxide NP assemblies formed at two different temperatures.(B) Transmission electron microscopic (TEM) images of solid superparticles.(C) TEM images of hollow superparticles. Scale bars, 500 nm.Reproduced with permission from Park et al. ([@bib68]). Copyright 2016 John Wiley & Sons, Inc.

In the above discussions, we have highlighted the superparticles that are formed from one type of NPs. Multicomponent NP nanostructures self-assembled from more than one type of NPs represent a new pathway for generating complex active superparticles with multiple functions for various technological applications ([@bib76], [@bib6], [@bib81]). These multicomponent NP nanostructures not only enhance the size-dependent properties of their individual components but also manifest novel interactions and synergistic properties from the near-field coupling that occurs between neighboring NPs.

Using the surfactant-assisted self-assembly process, Zhang et al. successfully prepared Au/CdSe superparticles that exhibit dual functions from both Au and CdSe ([@bib75]). Au NPs of specific sizes (2.8, 4.6, 7.2, or 9.0 nm) and CdSe QDs of size 3.3 nm were assembled into large spherical superparticles of diameter ∼100 nm. They controlled the spatial distribution of Au NPs and CdSe QDs in the assembly by changing the weight ratio of the two components. Energy-dispersive X-ray spectroscopy mapping showed a uniform distribution of Cd and Se over the whole cluster, with Au dispersed sporadically ([Figure 8](#fig8){ref-type="fig"}). Using finite-difference time-domain modeling, time-resolved PL spectra, and wavelength-dependent illumination tests, they presented strong evidence of an efficient plasmon resonance energy transfer from the Au NPs to the CdSe QDs, which enhances charge carrier generation in the semiconductor and suppresses bulk recombination. The additional electron-hole pairs in adjacent CdSe QDs contributed significantly to the enhanced photocatalytic H~2~ evolution performance of the Au/CdSe superparticles.Figure 8Multicomponent Superparticles Self-Assembled by Surfactant-Assisted Emulsion-Based Process(A) Schematic illustration of the self-assembly process to synthesize the Au/CdSe superparticles.(B and C) Transmission electron microscopic (B) and high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) (C) images of Au/CdSe-0.15 superparticles (Au NPs size 7.2 nm) and corresponding energy dispersive spectroscopy (EDS) maps of Cd, Se, and Au. Inset in (B) shows the size distribution of as-prepared Au/CdSe superparticles. Scale bars, 50 nm in (C).Reprinted with permission from Shi et al. ([@bib75]). Copyright 2017 John Wiley & Sons, Inc.

Recently, Dong et al. prepared self-assembled superparticles of Fe~3~O~4~ NPs with doped TiO~2~ nanorods by using the surfactant-assisted self-assembly ([@bib96]). They found that the superparticles exhibit highly enhanced electrochemical properties, such as high specific capacity, rate capacity, and stable cycle performance of lithium storage. The significantly enhanced performance resulted from the synergistic effect between the co-assembled Fe~3~O~4~ NPs. First, the co-assembled Fe~3~O~4~ NPs improved the poor conductivity of TiO~2~ superparticles. Second, the Fe~3~O~4~ NPs with a higher theoretical capacity contributed to the capacity of superparticles. Finally, the porosity and stability of the TiO~2~ matrix provided enough stable void space to buffer the volume expansion of the Fe~3~O~4~ NPs, which improved cycling stability.

This surfactant-assisted emulsion method has been adopted to a variety of other complex NP systems, such as Au-gamma-Fe~2~O~3~ ([@bib74]), PbS-gamma-Fe~2~O~3~ ([@bib65]), magnetic Au NPs ([@bib90]), Au-CeO~2~ ([@bib8]), and zinc ferrite NPs ([@bib69]). Overall, the method shows versatility in the synthesis of new types of active superparticles from different NP building blocks.

Formation of Nanorod Superparticles {#sec1.4}
-----------------------------------

In the above discussion, spherical NPs have been very well demonstrated in the surfactant-assisted self-assembly process for synthesis of superparticles. By using multiple compositions of NPs, complex superparticles can also be readily produced to achieve multiple functions. It has been shown that nonspherical NPs, such as nanorods, can also be used for the synthesis of superparticles that exhibit anisotropic properties.

Cao et al. have reported the fabrication of ordered superparticles using highly luminescent CdSe-CdS core-shell nanorods as building blocks ([@bib109], [@bib94], [@bib93], [@bib4]). The chloroform solution containing these hydrophobic nanorods is first mixed with an aqueous solution of DTAB followed by evaporation of chloroform to form water-soluble micelles. Then, the nanorod micelle solution was injected into ethylene glycol under vigorous stirring. This second step results in the loss of DTAB molecules into the growth solution, which leads to the aggregation of nanorods and the eventual formation of the 3D assembly structures. The resulting nanostructures have multiple well-defined supercrystalline domains with configurations and sizes that are dependent on the total number (N) of constituent nanorods in each nanostructure ([Figure 9](#fig9){ref-type="fig"}). The 3D double-domed cylindrical structure is obtained when N is less than ∼80,000. This double-domed cylinder consists of seven distinct domains wherein the nanorods within a single domain are arranged parallel to each other, whereas the nanorods of neighboring domains are arranged normal to each other. Interestingly, it was found that when the nanorods are incubated with octylamine before micelle preparation, 3D needle-like nanostructures having only one supercrystalline domain are obtained. It has been demonstrated that when unidirectionally aligned in polydimethylsiloxane thin films, these 3D needles exhibit anisotropic PL property with strong linearly polarized emissions. This anisotropic optical property is believed to be caused by resonance energy transfer through dipole-dipole interactions within the self-assembled CdSe-CdS nanorods. These specific anisotropic nanostructures display great promise as downconversion phosphors for polarized light-emitting diodes. In addition to CdSe-CdS nanorods, PbSeO~3~ nanorods have also been demonstrated for the formation of nanorod superparticles ([@bib2]).Figure 9Formation of Nanorod Superparticles(A--C) (A) Transmission electron microscopic (TEM) overview of 3D double-domed cylindrical superparticles made from CdSe/CdS semiconductor nanorods, (B) TEM zoom, and (C) model of the double-domed superparticle microstructure.(D) Scanning electron microscopic overview of needle-like superparticles formed by CdSe/CdS semiconductor nanorods.(E and F) (E) TEM zoom and (F) model of the needle-like superparticle microstructure.Reproduced with permission from Wang et al. ([@bib94]). Copyright 2012 AAAS.

These results show that anisotropic interactions of nanorods can be used to synthesize superparticles with multiple well-defined supercrystalline domains. The anisotropic interactions between these nanorods can be kinetically introduced during self-assembly, leading to the formation of anisotropic assembled structures. It is anticipated that these findings can be extended for the self-assembly of nanomaterials having other anisotropic shapes, as well as the self-assembly of two or more types of anisotropic nanomaterials into well-defined mesoscopic and macroscopic complex architectures.

Microemulsion-Confined Self-Assembly of Porphyrins {#sec1.5}
--------------------------------------------------

Another flexible use of the surfactant-assisted self-assembly method is to assemble photoactive macromolecules, such as porphyrins, into nanocrystalline superparticles. Porphyrins and their derivatives have macrocyclic π-conjugated ring structures, which exist as a 2D plane with side length of several nanometers ([@bib100]). The well-defined conjugated electron structure gives them unique optical and electrical properties at the visible spectrum ([@bib105], [@bib42], [@bib10], [@bib15], [@bib103], [@bib98], [@bib57]). Also, their rigid and planar molecular skeleton and inherent aromatic electronic features facilitate their self-assembly into well-defined nanostructures with favorable optoelectronic properties ([@bib107]). Self-assembly of these conjugated molecules results in densely packed nanocrystalline superparticles or networks that enable highly efficient charge and energy transfer for enhanced optoelectronic properties and collective behaviors ([@bib31]).

In recent years, various porphyrin nanocrystalline superparticles with uniform shape and size have been produced by using the surfactant-assisted self-assembly method, including hollow nanospheres, solid nanospheres, nanotubes, nanorods, nano-octahedra, nanosheets, and nanofibers ([@bib107], [@bib70], [@bib28], [@bib30], [@bib29], [@bib22], [@bib9]). Bai et al. demonstrated the formation of superparticles with well-defined morphology by using hydrophobic tin (IV) meso-tetraphenylporphine dichloride porphyrin ([Figure 10](#fig10){ref-type="fig"}) ([@bib107]). In their preparation, chloroform solution containing tin porphyrin was added to an aqueous solution of CTAB or SDS surfactants. This solution was then emulsified by ultrasonic treatment under gentle stirring. The low-boiling chloroform was subsequently evaporated from the emulsion system by mild heating. As chloroform evaporates from the emulsion droplets, they are enriched in concentration, and this induces self-assembly of porphyrin molecules confined in the emulsion droplets. Through noncovalent interactions, such as π-π stacking and ligand coordination, tin porphyrins self-assembled into different nanostructures.Figure 10Schematic Illustration of the Synthesis Processes of Porphyrin Nanocrystals by the Surfactant-Assisted Cooperative Self-Assembly MethodReprinted with permission from Zhong et al. ([@bib107]). Copyright 2014 American Chemical Society.

The growth process of the nanocrystals is an evaporation-induced nucleation and growth self-assembly mechanism. At the beginning of the self-assembly processes when oil and water phases are mixed together, emulsion droplets are rapidly formed. As the self-assembly progresses during heating, the emulsion droplets gradually shrink. This shrinkage is due to the evaporation of the organic solvent with heating. The evaporation in the first few minutes resulted in small NP nuclei. Then the nuclei started to grow quickly into nanocrystalline superparticles with controllable size and shape.

Bai et al. discovered that the type of surfactant was a key factor to the control of morphologies and arrangement of the porphyrins. For example, when CTAB was used, nanocrystalline octahedra were obtained. When CTAB was replaced with SDS under the same self-assembly conditions, amorphous microspheres were formed instead of octahedra. It is believed that the different nanocrystalline morphologies are due to the nature of interactions of surfactants with porphyrins. In the case of SDS, the anionic head groups SO~4~^2−^ of SDS might bind with the central Sn at the core of the porphyrin molecules, which prohibits tin porphyrin self-assembly through noncovalent interactions. The evaporation of organic solvents resulted in amorphous microspheres instead of crystalline octahedra. Besides the morphology, the size of the tin porphyrin self-assembled nanocrystals can be easily tuned by varying the surfactant concentration. By increasing the CTAB concentration, diameters of porphyrin octahedral nanocrystals increased from 85 to 440 nm, whereas their polydisperse index remained narrow.

Similar to the formation of spherical NP superparticles during surfactant-assisted self-assembly, temperature also has a big impact on the self-assembly and formation of porphyrin nanocrystals. For example, at the same self-assembly conditions, evaporation at 80°C resulted in nanosheets with edge length ranging from 300 to 500 nm. The relative amount of the octahedra to the nanosheets decreased with an increase of temperature. This might be due to the preferential formation of CTAB lamellar mesophase, which confines formation of the nanosheet morphology.

The additional morphologies and structure control of the porphyrin nanocrystals benefit mainly from the intermolecular forces between the porphyrin and surfactants compared with the spherical NP self-assembly discussed above. Besides van der Waals forces, additional noncovalent interactions between surfactant and porphyrin, such as hydrogen bonding, aromatic π-π stacking, and axial coordination, provide rich options for forming different morphologies and sizes during the self-assembly process. For example, in the tin porphyrin octahedral nanocrystals, the porphyrin macrocycles lie flat in the a-b plane with the core Sn at the corners and centers of the unit cells. As such, each porphyrin has 12 neighbors with which it interacts, 8 neighbors offset above and below its plane (stronger interactions) and 4 neighbors in-plane (weaker interactions). Periodic semiempirical calculations (PM6) find the crystal binding energy to be 72 kJ/mol, which is far greater than the energy of thermal motion. This indicates that the self-assembly process is controlled by molecular interaction other than thermodynamics that occur in the NP systems, which results in diverse morphologies compared with NP assembly systems.

Inspired by the original concept of the surfactant-assisted self-assembly approach, a modified process was developed to fabricate self-assembled porphyrin nanocrystals ([@bib3], [@bib1]). Some porphyrins, such as zinc meso-tetra (4-pyridyl) porphyrin (ZnTPyP), are hard to dissolve in common organic solvents such as chloroform and toluene. Therefore it is impossible to apply the surfactant-assisted self-assembly directly. Bai et al. modified the method through an acid-base neutralization process in the aqueous phase instead of forming microemulsions. In this case, they were able to self-assemble ZnTPyP into more favorable arrangements via coordination of its peripheral pyridine groups to its core Zn ions, whereas most porphyrins form H-aggregates in a face-to-face manner via π-overlap ([@bib106]). First, they protonated ZnTPyP with positive charges through an acidic solution to prepare a water-soluble precursor. Then, they mixed the acidic aqueous solution with a basic surfactant solution under vigorous stirring with a range of volume ratios. Once mixed, acid-base neutralization reaction occurred and deprotonated the charged ZnTPyP precursor. This produced insoluble neutral ZnTPyP molecules that were automatically trapped into the hydrophobic micellar interiors. Through confined noncovalent interactions within surfactant micelles, such as metal-ligand axial coordination (Zn-N) and π-π interactions, nucleation and growth was initiated for the formation of nanocrystals with a series of morphologies with controlled sizes and dimensions. The role of the surfactants is to essentially encapsulate hydrophobic porphyrins within the surfactant micellar interiors, which further confines the self-assembly of the ZnTPyP nanocrystals. Using this modified method, various 1D--3D porphyrin nanocrystals such as NPs, nanooctahedra, hexagonal rods, tetragonal nanorods, nanotubes, nanowires, and nanodisks have been produced through kinetic control ([Figure 11](#fig11){ref-type="fig"}) ([@bib106], [@bib88], [@bib89], [@bib87], [@bib101]). For example, the nanocrystal dimension increases with increasing surfactant concentrations and pH value.Figure 11Scanning and Transmission Electron Microscopic Images of the Porphyrin Nanocrystals with Different Shapes and Sizes(A--I) (A) Schematic illustration of formation of the self-assembled porphyrin nanostructures. (B) NPs, (C) nano-octahedra, (D) tetragonal nanorods, (E) hexagonal nanorods, (F) nanodisks, (G) hexagonal nanowires, (H) short nanowires, and (I) long nanowires. (A and D) Reproduced with permission from Zhong et al. ([@bib106]). Copyright 2014 American Chemical Society. (B) Reproduced with permission from Wang et al. ([@bib87]). Copyright 2018 American Chemical Society. (C and G) Reproduced with permission from Wang et al. ([@bib88]). Copyright 2016 American Chemical Society. (E and H) Reproduced with permission from Bai et al. ([@bib1]). Copyright 2011 American Chemical Society. (F) Reproduced with permission from Bai et al. ([@bib3]). Copyright 2010 of the Royal Society of Chemistry. (I) Reproduced with permission from Zhang et al. ([@bib101]). Copyright 2018 American Chemical Society.

Besides ZnTPyP porphyrin, the modified method has been successfully extended to assemble other porphyrins into nanocrystalline superparticles, such as meso-tetra(4-pyridyl) porphine (H~2~TPyP) or 5,10,15,20-tetrakis(4-(hydroxyl)phenyl) porphyrin (THPP) ([@bib88], [@bib101]). The assembly of H~2~TPyP is initiated by adding the protonated porphyrin tetraammonium salt acidic aqueous solution into the basic solution of surfactant under vigorous stirring. The mixture of protonated porphyrins and the base solution immediately triggers an acid-base neutralization reaction that deprotonates pyridine tetraammonium salt, producing neutral porphyrins that are insoluble in water. The resulting insoluble porphyrins are then encapsulated into the hydrophobic cores of surfactant micelles. This encapsulation then confines the nucleation and growth driven by noncovalent interactions such as π-π stacking, forming uniform porphyrin NPs. Notably, metalation of the porphyrin can be realized during the assembly process by the addition of Zn^2+^ (through Zn(NO~3~)~2~) in the self-assembly solution ([@bib88]). Zn is inserted into the core of H~2~TPyP through the incorporation of Zn ions with the core pyrroles forming ZnTPyP. Subsequent self-assembly of ZnTPyP was conducted through axial ligation between central Zn and pyridyl groups, which results in the morphology changing from octahedron to nanowires.

In the case of THPP self-assembly, THPP was first alkalized to make a water-soluble precursor ([@bib101]). Although THPP has four hydroxyl groups at the outer core of the porphyrin, it is not soluble in water. To initiate the self-assembly in aqueous phase, it is first alkalized so that its hydroxyl groups are deprotonated to form tetrahydroxy TPP^4−^ anions that are soluble in water solutions. Then the TPP^4−^ basic solution was added into an acidic surfactant solution under vigorous stirring to initiate the acid-base neutralization reaction. The four hydroxyl groups were recovered from the corresponding anion state, whereas the two nitrogen groups at the inner core of the THPP were protonated, forming (H~2~THPP) ^2+^, which is encapsulated within the hydrophobic interior of the surfactant micelles. Consequently, the combined noncovalent interactions such as hydrophobic-hydrophobic, hydrogen bonding, and aromatic π-π stacking induce nucleation and growth, and the eventual formation of self-assembled 1D THPP nanostructures within the micelles.

Applications {#sec2}
============

The surfactant-assisted cooperative self-assembly method achieves well-defined active nanomaterial structures and properties by confining the NP self-assembly or growth within nanocompartments such as micelles and emulsions. The interdigitated surfactant or phospholipid bilayer nanostructure provides a water-soluble and biocompatible interface for biomedical applications such as imaging ([@bib20], [@bib14]) and drug delivery ([@bib39]). Owing to the confined self-assembly, highly ordered and densely packed NP nanostructures have been produced. The ordered structure results in new collective properties and enhanced charge and energy transport for applications in photocatalysis and nanoelectronic devices. For example, self-assembly enables effective optical coupling of porphyrins, resulting in more enhanced optical absorption when compared with the original porphyrin monomers. The absorption bands also red shift to a more extensive visible light spectrum. The self-assembled porphyrin network facilitates efficient energy transfer among porphyrin molecules and the delocalization of excited state electrons for enhanced photocatalytic hydrogen production under visible light ([@bib101], [@bib88], [@bib106], [@bib107]). By using multi-compositional NPs as the building block, highly ordered superparticles possess multiple functions that depend on the choice of the initial NPs for a number of interesting applications such as biomedical, photocatalytic, and optic/electric devices ([@bib54]). For example, self-assembling magnetic iron oxide into superparticles increases the saturation magnetization, while avoiding the superparamagnetic-ferromagnetic transition ([@bib23]). The monodisperse, highly water-soluble, superparamagnetic, and biocompatible magnetite nanocrystals should find immediate important biomedical applications.

Biomedical Applications {#sec2.1}
-----------------------

The interdigitated bilayers provide an effective interface and enable NPs to be water soluble and biocompatible for biological applications such as imaging and photodynamic therapy (PDT)/photothermal therapy. Chen et al. reported the synthesis of colloidal magnetofluorescent superparticles by co-assembling magnetic NPs with fluorescent QDs ([@bib9]). The final superparticles consist of a close-packed magnetic NP "core" that is fully surrounded by a "shell" of fluorescent QDs ([Figure 12](#fig12){ref-type="fig"}). The superstructure exhibits uniform and tunable sizes, high magnetic content loading, and maximized fluorophore loading on the surface and versatile surface functionality. The superparticles can be further encapsulated with a thin silica shell through a sol-gel process to improve biocompatibility and colloidal stability. No measureable changes in both the PL intensity and size were observed after 6 months at 4°C. They demonstrated that after surface pegylation, these magnetofluorescent superparticles could be magnetically manipulated inside living cells while being optically tracked. Moreover, these magnetofluorescent superparticles also served as an *in vivo* multiphoton and MR dual-modal imaging probe.Figure 12Formation of Magnetic-Fluorescent Superparticles for Biological Applications(A) Schematic of the formation of the magnetic-fluorescent superparticles.(B--D) Transmission electron microscopic images of magnetic-fluorescent superparticles at different magnifications. Scale bars, 500 nm in (B), 100 nm in (C), and 10 nm in (D).(E) EDS elemental line scan result. Scale bar, 60 nm.(F) Intravital multiphoton microscopic picture of a HeLa cell in which magnetic-fluorescent superparticles have been microinjected. By bringing the magnetic tip in and out (blue bars), a reversible accumulation of magnetic-fluorescent superparticles (yellow region) can be created at the cell periphery (indicated by red dashed line) at different time points.Reproduced by permission from Chen et al. ([@bib9]). Copyright 2014 Macmillan Publishers Ltd.

Wang et al. synthesized self-assembled porphyrin-silica nanocomposite particles with an ordered porphyrin network as the core surrounded by amorphous silica as the shell for a high-yield generation of singlet oxygen for PDT ([@bib89]). The long-range ordering of the porphyrin network enables efficient energy transfer and impressive fluorescence for cell labeling while the silica layer provides opportunities for biofunctionalization. The synthesis of these particles was conducted by the combined surfactant-assisted cooperative self-assembly and sol-gel process using silicate precursors and the photoactive precursor zinc porphyrin ZnTPyP as a building block ([Figure 13](#fig13){ref-type="fig"}). Control of pH conditions in the self-assembly solution is an important factor for tuning the final nanostructures with either amorphous or crystalline porphyrin networks. Low pH conditions promoted porphyrin noncovalent self-assembly, forming core-shell particles. However, high pH conditions were favorable for silicate condensation, forming solid porphyrin-silica mesophase particles. Both types of nanocomposites can generate lethal singlet oxygen to kill HeLa cells, but the core-shell structured particles were found to have better singlet oxygen yield, which is probably due to the increased porphyrin π-π stacking and out-of-plane coordination of Zn and pyridine. The enhanced PDT activity was demonstrated in the phototherapy with more tumor cells destroyed by the core-shell structured particles, which is consistent with their high yield production of singlet oxygen.Figure 13Formation of Core-Shell Structured ZnTPyP\@SiO2 and Solid Mesophase ZnTPyP-SiO2 Nanocomposite Particles for PDT(A) Schematic diagram for the controlled formation of core-shell structured ZnTPyP\@SiO2 and solid mesophase ZnTPyP-SiO2 nanocomposite particles.(B and C) Transmission electron microscopic images of the corresponding nanocomposite particles, respectively.(D and E) Relative viability of HeLa cells after treating with the corresponding nanocomposite particles, respectively.Reproduced with permission from Wang et al. ([@bib89]). Copyright 2017 American Chemical Society.

One important feature in this assembly process is the formation of an interdigitated bilayer structure of surfactants and lipids on the surface of the assemblies, which adds active interface for water-solubility and for biomedical applications, as discussed above.

Photocatalysis {#sec2.2}
--------------

One important issue in the synthesis of photocatalytic materials is to increase photoactive material absorption in the visible light range and hot-electron transport to the reaction sites. One method to address these issues is to assemble optically active nanomaterials into highly ordered structures to increase their absorption cross-section and hot-electron transport. Zhong et al. found that the absorption spectra of self-assembled porphyrin nanocrystals are more broad in the visible wavelength when compared with those of individual porphyrins and display enhanced photocatalytic activity compared with commercial P25 catalysts ([@bib9]). They also found that the extent of self-assembly caused different morphology-dependent photocatalytic activity. Similarly, H~2~TPyP nanowires and H~2~TPyP octahedra exhibit much broader UV-vis absorption bands that are red shifted and enhanced from the corresponding bands of the monomeric porphyrins ([@bib88]). Under visible light (λ \> 420 nm) irradiation with ascorbic acid as the sacrificial agent and Pt as the co-catalyst, ZnTPyP nanowires displayed the highest hydrogen evolution rate of 47.1 mmol/g/h, which is much higher than the reported porphyrin- and other organic-material-based photocatalysts, whereas the H~2~TPyP nanooctahedra exhibited negligible photocatalytic activity with an evolution rate of 0.8 mmol/g/h. This extraordinary photocatalytic activity mainly benefits from the long axes of π-π stacks in the 1D nanostructures that have extensive delocalization and retard the charge recombination by stabilizing the electron transfer products, which enhances the lifetime of electron-hole pairs.

A detailed research was reported on self-assembled THPP nanorods and nanowires for photocatalytic generation of hydrogen by Zhang et al. ([Figure 14](#fig14){ref-type="fig"}) ([@bib101]). Based on results of X-ray diffraction (XRD) patterns and UV-vis absorption spectra, they found that the formation of J-aggregate leads to much stronger exciton coupling between THPPs. Such coupling activates the porphyrin core by increasing the electronic density to a large extent, which helps to stabilize the photoexcited electron-holes for enhanced hydrogen evolution rate of all nanowires. Such arrangement is similar to that of a light-harvesting complex in natural photosynthetic systems that contain chlorophyll aggregates, in which chromophores form J-aggregates along the head-to-tail arrangement via a stronger transition-dipole moment for harvesting solar energy. In addition, the absorption spectroscopy results unambiguously establish that a self-assembled nanostructure induces different coverage of the light range of spectra, which results in structure-dependent photocatalytic hydrogen evolution activity ([Figures 14](#fig14){ref-type="fig"}A and 14B). Shorter nanorods or nanowires exhibited much better photocatalytic performance than long nanowires ([Figure 14](#fig14){ref-type="fig"}A). From XRD patterns ([Figure 14](#fig14){ref-type="fig"}C), they found that the nanorods have decreased separation distance of the porphyrin lattice fringes ([Figure 14](#fig14){ref-type="fig"}D). This essentially increases the interactions between THPP molecules within nanorods, which enhances the delocalization of excited electrons and extends the lifetime of electron-hole pairs for better photoactivity.Figure 14Photocatalytic Hydrogen Production and Characterizations of the THPP Powders and Different Self-Assembled THPP Nanostructures(A) Hydrogen evolution photocatalyzed by THPP powders and different self-assembled nanostructures.(B) UV-vis spectra of different self-assembled THPP nanostructures.(C) XRD of different nanostructures.(D) Schematic illustration of the self-assembled J-aggregates and photo-induced charge process for hydrogen generation.Reprinted with permission from Zhang et al. ([@bib100]). Copyright 2018 American Chemical Society.

Nanoelectronic Devices {#sec2.3}
----------------------

The surfactant-assisted cooperative self-assembly enables formation of highly ordered and densely packed NP arrays for collective behavior and enhanced charge transport. In general, such highly ordered NP arrays should serve as ideal model systems to discover new nanoscale phenomena, and to develop and test theories of collective optical, electronic, and magnetic behaviors. Fan et al. reported the synthesis of planar metal-insulator-metal devices from ordered 3D mesophases consisting of gold NPs inside silica matrix ([@bib21], [@bib97]). Charge transport studies within the thin-film gold NP/silica arrays showed that at room temperature, the *I-V* behavior was linear. Nonlinearity near zero bias was evident at 200 K and increased with decreasing temperature. At 100 K and below, conduction occurred through the gold NC/silica insulator only above a minimum threshold voltage *V*~T~, indicative of a collective Coulomb blockade resulting from electrical isolation of the NPs. For such arrays of Coulomb islands, theory predicts that for *V*\>*V*~T~, current scales as the power law, *I=I*~*0*~(*V/V*~T~-1)^ζ^, and that the value of the scaling exponent ζ reflects the dimensionality of the accessible current-conducting pathways. Linear Arrhenius behavior of the zero bias conductance from 78 K to room temperature testified to the uniformity of NP sizes and interparticle spacings. The calculated activation energy U = 90.4meV is attributed to the Coulomb charging energy of individual gold NPs. By measuring the *I-V* characteristics at T greater than the threshold temperature, the current voltage scaling relationship for a well-defined 3D NP array *I* ∼ *V*^2.9^ was established for the first time ([Figure 15](#fig15){ref-type="fig"}).Figure 15Charge Transport in Thin Film of Gold NP/Silica Arrays(A) I-V curves measured from 300 to 78 K. The inset shows a plot of the zero-bias conductance (*G0*) versus *1/T*. The data exhibited Arrhenius behavior with activation energy (*Ea*) of ∼90 meV.(B) At T = 78 K, the current displayed a power-law dependence for V＞VT with scaling exponent ζ = 2.7 (negative bias) and ζ = 3.0 (positive bias).Reproduced with permission from Fan et al. ([@bib21]). Copyright 2004 AAAS.

Conclusion and Outlook {#sec2.4}
----------------------

In summary, recent research progress on the surfactant-assisted cooperative self-assembly of NPs to form highly ordered active nanostructures has been reviewed. A variety of nanomaterials including plasmonic NPs, fluorescent semiconductors, magnetic NPs, and optical active molecules have been assembled into highly ordered active NP nanostructures. Benefiting from the flexible composition, ordered structure, and biocompatible properties, these nanostructures have been utilized in the areas of nanoelectronics, photocatalysis, and biomedicine. One of the advantages of the surfactant-assisted self-assembly method is its ability to integrate different functional nanomaterials to create active superparticles with multiple functions. Another important advantage is that the resultant nanostructures exhibit new collective properties resulting from the self-assembled and compactly packed NPs, which enhances charge and energy transport within the nanostructures.

Although great success has been achieved in the development of surfactant-assisted assembly strategies for the synthesis of highly ordered NP active nanostructures, accurate control of structure and property of the final nanostructures still remains a great challenge. This requires precise control of size, shape, and composition of the starting building block of different nanomaterials. Establishment of structure-property relation for the final nanostructures through surfactant-assisted self-assembly will further improve the understanding of the surfactant-assisted self-assembly processing for better design and engineering of active nanostructures. There has been an emergence of new nanomaterials, such as graphene and its derivatives ([@bib80]), perovskite nanomaterials ([@bib34]), and transition-metal dichalcogenides ([@bib56]), such as MoS~2~, and MoSe~2~, that have been extensively explored for important applications in nanoelectronics and optoelectronics, energy conversion and storage, photocatalysis, and biomedicines ([@bib43]). These nanomaterials will benefit from the surfactant-assisted self-assembly to form highly ordered and compacted nanostructures with enhanced properties. For example, compact QD thin films are one of most important prerequisites for high-performance perovskite QD solar cells, which ensures efficient electronic coupling between QDs for effective carrier transport ([@bib82], [@bib79], [@bib32], [@bib60]). Although using short inorganic ligands can obviously reduce the interparticle spacing to enhance electronic coupling, it is still challenging to transfer randomly stacked QD films into regular arrays for better carrier transport ([@bib73], [@bib32], [@bib60]). Therefore high-quality QDs\' growth and self-assembly of QD thin film are the most fundamental steps for the efficient perovskite QD solar cells. To this end, surfactant-assisted self-assembly strategy can achieve more compact film configuration for stronger electronic coupling and charge mobility by building high-quality self-assembled QD films and reducing interparticle spacing among QDs. Recently, direct assembly such as stress-induced assembly has been developed to tune NP phase transformation and coupling ([@bib37], [@bib72], [@bib71], [@bib92], [@bib62], [@bib108]). It also requires ordered NP assemblies as the starting materials to accomplish the stress-induced tuning of phase transition and interparticle separation. Another interesting direction in the NP community is the synthesis of hybrid nanocrystals through nanocrystal or ion diffusion in solutions to control nano-heterogeneous structures ([@bib11], [@bib24], [@bib102], [@bib67], [@bib66], [@bib16]). Finally, increasing structural complexity by combining with other top-down and bottom-up methods is one of the natural directions for nanoscience. It is expected that new complex active nanostructures will be synthesized through surfactant-assisted self-assembly for exploration of novel applications ([@bib12], [@bib78], [@bib46], [@bib67], [@bib66]).
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